Graphene-confined single Fe atoms, screened out from a series of 3d transition metals (Mn, Fe, Co, Ni, and Cu), were used as an efficient non-precious catalyst to directly convert methane to C1 oxygenated products at room temperature. The unique O-FeN 4 -O structure formed in graphene can readily activate the C-H bond of methane along a radical pathway with a low reaction energy barrier. 
INTRODUCTION
Methane from natural gas, shale gas, coalbed methane, and methane hydrate is a most promising feedstock because of its high reserves and relatively inexpensive price. 1 Direct conversion of methane without involving the intermediate syngas production step is potentially more economical and environmentally friendly. [2] [3] [4] But, as the most stable and inert hydrocarbon (DH C-H = 104 kcal mol À1 ), methane conversion is usually operated at high temperatures, such as the oxidative coupling of methane [5] [6] [7] and direct dehydrogenation processes, 8 typically at 600 C-1,100 C. [9] [10] [11] Hence, the development of catalysts for selective conversion of methane to high-value-added chemicals under mild conditions has become a challenging task. Nature has demonstrated that methane monooxygenase and cytochrome P450 can directly catalyze methane oxidation under mild conditions, 12 but the delivery of oxygen involves complex co-enzymes, and the rates are not commercially viable. Recent research indicated that complexes of Hg, Pt, Pd, Au, Ru, Rh, and V can promote selective oxidation of methane in a strong acid medium, such as oleum, trifluoroacetic acid, hydrochloric acid, or hydrobromic acid at 80 C-500 C. [13] [14] [15] [16] [17] Also, molecule-sieve-based catalysts, such as ZSM-5 [18] [19] [20] [21] and MOR, [22] [23] [24] were successfully developed for the conversion of methane to methanol at a temperature of 50 C-225 C. In addition, with the aid of electrical 25, 26 and light 27 energy, much progress has been made in decreasing the temperature of methane conversion in the past few years. However, the direct room-temperature conversion of methane without other energy input and replacement of precious-metal catalysts remains a big challenge. Herein, we report that graphene-confined single Fe sites (FeN 4 /graphene nanosheets [GNs]) can directly convert methane into C1 oxygenated products at room temperature (25 C). We found that the methane is converted
The Bigger Picture
Methane from natural gas and shale gas is one of the most promising feedstocks because of its high reserves and low price. The selective activation and orientable conversion of methane are considered the "holy grail" in catalysis. Because of the highly stable C-H bond, methane conversion usually requires high temperatures to overcome the high reaction barrier. However, the high-temperature reaction is not favorable for industrial application. Despite many efforts to decrease the reaction temperature, it remains a great challenge to promote methane conversion under mild conditions, especially at room temperature. Herein, we report that grapheneconfined single Fe atoms can be used as an efficient non-precious catalyst to directly convert methane to high-value-added C1 oxygenated products at room temperature (25 C), which provides a new route to understanding and designing highly efficient non-precious catalysts for methane conversion at room temperature.
by the O-FeN 4 -O structure to first generate methyl radicals, which subsequently turn into value-added C1 oxygenated products.
RESULTS AND DISCUSSION
The FeN 4 moieties embedded in the lattice structure of GNs were prepared by a well-tested procedure. 28 In brief, the highly dispersed single FeN 4 center anchored on graphene was synthesized by high-energy ball milling of iron phthalocyanine (FePc) and GNs. The atomic force microscopy (AFM) image of FeN 4 /GN ( Figure S1 ) shows the typical structure of GNs, and a sub-angstrom resolution high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image displays single-atom iron sites distributed homogeneously in GNs ( Figure 1A ).
The catalytic oxidation of methane was carried out in an autoclave with H 2 O 2 as the oxidant. The liquid and gas products were measured by 1 H and 13 C NMR, time-offlight mass spectrometry (TOF-MS), and gas chromatography, respectively. Figure 1C with a vacuum ultraviolet lamp as the ionization source was used to further confirm the structures of C1 oxygenated products. The featured peaks match well with CH 3 OH, CH 3 OOH, HOCH 2 OOH, and HCOOH from the NMR data. Considering the catalyst itself contains carbon sources, we also carried out control experiments by using N 2 , CH 4 , and 13 CH 4 as the reactant gas, where only 13 CH 4 can produce 13 C oxygenated products ( Figure 1D ). The results indicate that C1 oxygenated products came from the oxidation of 13 CH 4 rather than from the catalyst itself. In addition, the reusability test reveals that the FeN 4 /GN catalyst almost preserves its initial catalytic activity after six cycles ( Figure S4 ), and the X-ray adsorption fine-structure spectra indicate that, after the reusability test, the catalyst almost retains the same chemical state and coordination information as the original catalyst ( Figure S5 ), demonstrating its good structural stability and reusability.
Besides the FeN 4 /GN catalyst, we also evaluated the catalytic performance of other control catalysts, i.e., graphite, graphene, and different 3d metal-N 4 confined in graphene ( Figure 1E and Table S1 ). We further evaluated the effect of Fe content in FeN 4 /GN on the performance of methane oxidation. Figure S10 showed the yield of C1 oxygenated products increased as the Fe amount increased from 1.5 to 4.0 wt %, where 2.7 wt % Fe in FeN 4 /GN was the optimum according to the calculated turnover number (TON) data. That is probably because the increase in Fe content results in more active sites at low Fe content, whereas the dispersion of active sites decreases at high Fe content as a result of agglomeration. In addition, the activity of FePc on methane oxidation was evaluated, which showed that the TON for FePc was far less than that for FeN 4 /GN catalysts (Figures S10 and S11). That was because FePc had poor ability to activate methane, which is discussed later, and the corresponding product distribution is also discussed in detail in Figures S11 and S23-S30. Furthermore, the evolution of C1 oxygenated products with the Figure S12 . The initial yield of C1 oxygenated products increased with the reaction time, reaching the highest at 10 hr, and then decayed with the reaction time. Meanwhile, CO 2 in gas phase increased with the reaction time, indicating that the liquid C1 oxygenated products can be further oxidized to CO 2 with longer reaction time, and the reaction time can be controlled to get maximum C1 oxygenated products. The selectivity of C1 oxygenated products is around 94%, and the CO 2 selectivity is only 6% for reaction for 10 hr. Compared with the previous reports, 18, 19, 29 the FeN 4 /GN catalyst can promote methane conversion under milder conditions with lower CO 2 selectivity. In order to study the reaction mechanism, we designed and developed a set of in operando TOF-MS, which can track the evolution of liquid products in a high-pressure reaction, as shown in Figures 2A and S13 . In brief, the products can be efficiently extracted by a capillary and analyzed in real time throughout the reaction. Figures  2C-2E show that, during the reaction, CH 3 OH and CH 3 OOH increased gradually over time. HOCH 2 OOH and HCOOH almost did not change in the first 100 min, Figure 2G .
To understand the mechanism for the selective oxidation of methane on the FeN 4 /GN structure, density functional theory (DFT) calculations were used to build a FeN 4 structure embedded in the matrix of graphene as the calculation model The reaction pathway of methane conversion was then calculated on the O-FeN 4 -O structure. Previous work reported that there were two possible pathways in the hydroxylation reactions catalyzed by the O-FeN 4 -SH site of P450, i.e., a concerted mechanism and a radical pathway. 30 For the O-FeN 4 -O structure, the energy barrier of the concerted mechanism is as high as 1.91 eV ( Figure S16 ), more than twice higher than the formation of a methyl radical, which is only 0.79 eV (Figures S16 and S17). Therefore, methane activation over the O-FeN 4 -O structure should proceed along the radical mechanism, and the rate-determining step is C-H bond cleavage (0.79 eV). After the first C-H bond of methane is activated, the O-FeN 4 -O active site can continue to activate other C-H bonds, generating a series of oxidation products. Figures 3C and S18 show that the methyl radical generated can combine with hydroxyl and hydroperoxide groups easily to form CH 3 OH and CH 3 OOH, and the CH 3 OH can be further converted to HOCH 2 OOH and HCOOH via the hydroxymethyl radical, which was confirmed by the analysis in electron paramagnetic resonance experiments ( Figures 2G, S19 , and S20). The energy required for each step is very low, no more than 0.2 eV, thus enabling the selective oxidation of methane at room temperature.
In addition, we also employed DFT calculations to study the process of methane activation on the FePc molecule and other MN 4 /GN (M = Cr, Mn, Co, Ni, Cu) catalysts ( Figures 3D and S21-S23 ). We found that methane oxidation on O-FeN 4 -O was easier than that on the O-FePc-O structure ( Figure S23 and Table S2 ), suggesting that the graphene network can improve the catalytic activity of the Figure 1E ).
In summary, we have demonstrated that methane can be directly converted to C1 oxygenated products at room temperature over graphene-confined single iron atoms. The unique O-FeN 4 -O structure formed is able to active the C-H bond of methane to form the methyl radical with a low reaction energy barrier (0.79 eV). The methyl radical is first converted into CH 3 OH and CH 3 OOH, and CH 3 OH can be further converted to HOCH 2 OOH and HCOOH on the O-FeN 4 -O structure, as illustrated by TOF-MS, 13 C NMR, and DFT calculations.
The moderate formation energy of O-FeN 4 -O results in its unique activity for methane conversion at room temperature in comparison with that of other graphene-confined first transition metals. These findings provide a new route to understanding and designing highly efficient non-precious catalysts for methane conversion in mild conditions.
EXPERIMENTAL PROCEDURES Raw Materials
Graphite flake (99.8%, metal basis) was purchased from Alfa Aesar. Iron(II) phthalocyanine (FePc), copper(II) phthalocyanine (CuPc), cobalt(II) phthalocyanine (CoPc), manganese(II) phthalocyanine (MnPc), and nickel(II) phthalocyanine (NiPc) were purchased from Alfa Aesar. They were commercial materials of analytical grade and were used as received without further purification.
Synthesis of Catalysts
FeN 4 /GN samples with different Fe content were prepared by a well-tested procedure. 28 In a typical experiment, first, 2.0 g graphite flake and 60 g steel balls ( 
Catalytic Methane Oxidation Evaluation
The methane oxidation reaction was carried out in a stainless-steel autoclave containing a Teflon liner vessel (working volume, 50 mL). First, the vessel was charged with 50 mg catalyst, 5 mL deionized water, and 5 mL H 2 O 2 (30%); then the autoclave was flushed with methane three times and pressurized to 2 MPa CH 4 (89.9%, N 2 as balance gas). The reaction mixture was heated to the desired temperature (typically 25 C). The products were cooled down in ice-water for 30 min before analysis before being filtered and analyzed.
DFT Calculations
DFT calculations were performed with the Vienna ab initio simulation package (VASP) 32 according to the projector-augmented wave method. 33 All calculations were based on the same generalized gradient approximation method with the Perdew-Burke-Ernzerhof 34 functional for the exchange-correlation term. The plane-wave cutoff was set to 400 eV. The Brillouin zone was sampled by a 6 3 6 3 1 k-point grid for the calculations of charge density and a 2 3 2 3 1 Monkhorst-Pack 35 k-point grid for structure optimizations. During geometry optimization, the convergence of energy and forces were set to 1 3 10 À4 eV and 0.05 eV/Å , respectively. The transition states of chemical reactions were located through the climbing image nudged elastic band method, 36 in which the convergence forces were set to 0.1 eV/Å . A periodically repeated single-layer graphene model was built with a unit cell size of 5 3 5 and a vacuum slab height of 17 Å .
Kinetic analysis details for the volcano curve in Figure 3D are as follows: 
:
The scaling relationship between the activation free energy difference (DG a ) and the formation energies of the active sites (G f ) was cited from Nørskov et al. 31 According 
